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Summary 
Porous silicon has attracted great interests to the fields of optoelectronics, 
microelectronics and biotechnologies due to its properties of photoluminescence and 
electroluminescence. The work for this thesis consisted mainly of two parts. 
 
In the first part a detailed study on the relationship between the morphology of porous 
silicon and its photoluminescence properties with respect to the components and 
conditions of the etching solution, the current density, etching time has been carried out. 
In particular it was desired to obtain a blue shift the photoluminescence, which is 
normally red in colour. It was found that higher pH and lower currently density improved 
the quality of the photoluminescence obtained from the porous silicon formed. The green 
photoluminescence (F-band) was stabilized by the higher pH. Lower current density 
leaded to a decrease in the Full-Width Half-Maximum in photoluminescence spectra, 
presumably due to a narrower distribution in the size pf the porous silicon 
nanocrystallites produced. The addition of hydrogen peroxide was found to greatly 
improve the stability of the green luminescence.  However, as yet it is has not possible to 
determine whether this is due to the structure of the porous silicon formed by H2O2–
assisted etching being more uniform than without H2O2 conditions or if the observed 
green photoluminescence arises from the production of silicon dioxide.  
 
The second part of the work in this thesis involved investigating the use of porous silicon 
as a sacrificial layer for the microfabrication of structures. Many new technologies, for 
example nanoelectromechanical systems and photonic crystal, require the fabrication of 
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precise three-dimensional (3D) structures, preferably in silicon. Major limitations of 
conventional lithography and silicon etching technologies are the multiple processing 
steps involved in fabricating freestanding multilevel structures and undercutting of 
masking layers and the etch stop techniques. The alternative technique reported in this 
thesis utilizes direct-writing by fast-proton irradiation prior to electrochemical etching 
for three-dimensional microfabrication in bulk p-type silicon; the technique is both 
maskless and requires less processing steps than conventional lithography. The proton-
induced damage increases the resistivity of the irradiated regions and acts as an etch-
retardant for porous silicon formation via electrochemical etching. A raised bulked 
silicon structure of the scanned area is left behind after removal of the porous silicon 
formed in the unirradiated regions with potassium hydroxide. By exposing the silicon to 
different proton energies, the implanted depth and hence structure height could be 
precisely varied. The work in this thesis demonstrates the versatility of this new three-
dimensional direct-writing patterning process to create multilevel freestanding bridges in 
bulk silicon, as well as submicron pillars and high aspect-ratio nanotips. When the 
etching went beyond the maximum penetration depths of the irradiating protons into the 
bulk silicon depth, undercutting occurred. Taking advantage of this undercutting, 
freestanding and cantilever structures were obtained. Finally by using different dose on 
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CHAPTER 1 INTRODUCTION AND LITERATURE 
REVIEW 
1. 1 WHAT IS POROUS SILICON? 
Generally speaking, porous silicon (PS) can be described as a network of nanometer-
sized (sponge-like) silicon regions surrounded by void space. Basically, there are two 
ways to prepare porous silicon, chemical etching and electrochemical etching. However, 
electrochemical etching is the generally accepted method because of its easy set-up and 
operation. Following an electrochemical reaction occurring at the silicon surface, the 
porous structures with the crystallite sizes of several nanometers are formed. Such 
structures can give out light in the visible range under stimulation by UV light. The usual 
classification of porous silicon in terms of its pore size (Table 1) is not very useful when 
concerned with its luminescence, as will be explained in chapter 1.4; the luminescence is 
related to the size of the silicon crystallites, and not directly to the size of the pores.  
 
Table 1 Conventional porous silicon classification. [1] 
Classification pore diameter(nm) surface area (m2/cm3) 
Macroporous >50 10-100 
Mesoporous 2-50 100-300 
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1.2 MOTIVATIONS BEHIND THE CURRENT RESEARCH 
The electronic revolution, that has made a very profound impact on every aspect of life 
today, has been made possible by microminiaturization, a high level of functional 
integration with a simultaneous reduction of cost. The integration of optical components 
onto a silicon-based chip allows for further functional integration and consequently the 
realization of new concepts [2]. However, bulk silicon is an indirect-bandgap 
semiconductor and has a low optical efficiency, so it has little application in light-
emitting devices. Ever since the advent of visible room-temperature luminescence from 
porous silicon in 1990 [3], researchers have made huge strides towards building 
optoelectronic circuitries based on silicon. Porous silicon thin films are of great interest 
for application in a number of areas: optoelectronics, sensors, microelectronics, 
micromachining etc. Though the real application in industrial operation has a long way 
to go, the results of the current research are encouraging.  
 
1.2.1 OPTOELECTRONIC APPLICATIONS 
There is an increasing demand for light-emitting devices for displays and 
communication. There are three main components for the optoelectronic devices, 
namely, light emitting devices (LEDs), photodetectors (PDs) and optical waveguides 
(WGs). Among them, LEDs are intensively studied [4-6]. There are various methods 
making contacts to porous silicon as the diode, such as sputtered gold, indium tin oxide 
(ITO) and polymer thin film. Figure 1.1 illustrates the typical LED structure with ITO 
contact layer. The ITO contact can be replaced by other kind of contacts. 
 









Figure 1.1 Typical LED structure with ITO contact layer. 
 
For display purposes, the power efficiency of EL should be at least 1%, the operating 
voltage below 10V, the EL time response below 1ms, and the stability longer than 
10,000hr [7]. High porosity porous silicon with 3% quantum efficiency was prepared by 
Vial et al via well-controlled electrochemical oxidation [8]. With regards to porous 
silicon based EL emission, these requirements have not been fully reached [9-13] and 
further work needs to be carried out.   
 
1.2.2 POROUS SILICON DIODES  
For porous silicon research, it is common to make the diode either with a liquid contact 
or a solid-state contact to observe its behaviour and properties. The most common diode 
structures to have been reported are contact1/PS/Si/contact2 and contact1/PS/contact2. 
The contact1 and contact2 may be the same or different materials, usually a metal or 
conducting oxide. Porous silicon diodes usually exhibit rectification in their current 
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in terms of the two most familiar types of rectifying diode: the Schottky barrier and the 
p-n junction. For an ideal Schottky barrier diode, the J-V characteristics can be described 
by the Richardson-Schottky equation:   
J=J0 exp[(qV/kT)-1]     (1.1) 
where k is the Boltzmann constant, T is the absolute temperature and J0 is the reverse 
saturation current density. After correcting for the non-ideality factor and series 
resistance Rs, the equation. can be modified as:   
J=J0 exp[(q(V-JARs)/nkT)-1]     (1.2) 
where A is the area of the contact at the Schottky barrier, n is non-ideality factor. For an 
ideal p-n junction diode, the J-V characteristics are described by the Shockley equation. 
Though the form of Shockley equation is the same as Richardson-Schottky equation, 
there are fundamental differences in the mechanism: the Shockley equation is formulated 
on the assumption that current is controlled by the diffusion of minority carriers, where 
J0 is related to parameters describing the diffusion. However, the current in Richardson-
Schottky equation is determined by thermionic emission of majority carriers over a 
potential barrier. The value of n also is different for the two different diode types. 
 
1.2.3 SENSOR APPLICATIONS 
The high surface area and easy integration of porous silicon into microelectronics make 
it a suitable source for sensors. Sensing could be achieved by exploiting changes in 
conductivity, capacitance or photoluminescence when molecules adsorb to its surface.  
Recent investigations into the use of porous silicon sensor achieved some success in the 
following areas: HF [14] and NO2 gas sensor [15-16]; biosensor [17] porous silicon-
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based humidity sensor [22, 23]; downsizing of porous silicon sensor to achieve micro 
toxic gas sensors [24]. 
1.2.4 SOLAR CELL APPLICATIONS 
Figure 1.2 shows a conceptual view of a solar-cell structure based on the possibility of 






Figure1.2 A conceptual view of the solar-cell structure. 
 
There are several advantages in using porous silicon in solar cells [21].  
• The highly texturised surface of the porous silicon can enhance light 
trapping and reduce reflection losses of a solar cell. 
• The adjustability of the bandgap of porous silicon may be utilized to 
optimize the sunlight absorption.  
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• The relatively wide bandgap qualifies it as the window layer in a 
heterojunction cell or as the active layer for the top cell in a tandem-cell 
approach and may be used to form a front or rear surface field in a diffused 
junction silicon solar cell. 
• Porous silicon can be used for solar light transformation from an ultraviolet 
range to long wavelength range and is optimum for photovoltaic conversion 
in silicon solar cell.  
• The porous silicon developed surface with its high chemical activity can 
serve as an effective impurity gettering in crystalline silicon solar 
substrates.  
• The simplicity of porous silicon technological formation is appealing for 
solar cell cheap fabrication.   
 
However, at present, acceptable results have only been obtained for the use of porous 
silicon as an antireflecting coating on silicon solar cells. Most of these studies are still in 
the pioneering phase and more work will be needed before we can fully integrate these 
new concepts with the manufacturing processes of commercial solar cells [22-25]. 
 
1.2.5 OTHER APPLICATIONS OF POROUS SILICON 
Porous silicon also acts as a sacrificial layer in the processes of micromachining, which 
will be discussed in chapter 1.5. There are also some novel applications of porous silicon 
in the fields of biomedical materials [26], capacitors [27], medicine [28], biotechnology 
 
                                                                                           Chapter 1        Introduction and Literature Review 
 7
[29-33] and even astrophysics [34]. Because of restricted space, these will not be 
discussed further in this thesis. 
 
1.3 POROUS SILICON FORMATION MODELS 
The formation mechanism of porous silicon has been studied for a long time [35] but it is 
still in dispute. Even the pore initiation models offered today have some disagreement 
among themselves [36]. In this chapter, only the most convincing theories related to the 
research work done for this thesis are reviewed. The silicon dissolution mechanism can 



































































+ H2 (X= OH, F)
 
 
Figure 1.3 Proposed dissolution mechanism of silicon electrodes in HF associated with 
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In step A, a hole (h+) reaches the surface and attacks the Si-H bond, the higher the 
current density, the greater the flux of holes to the surface. It is known that porous silicon 
only forms when the current density is below a critical value, Jep (Figure 1.4). This 
critical value is determined by the concentration and viscosity of electrolyte, the 
geometry of the silicon anode as well as the physical properties of the silicon-electrolyte 
interface. The crucial part of the mechanism is the relative rates of steps A, B and C. If 
the applied current density J is higher than Jep, i.e. step A and B is faster than step C, the 
surface becomes completely covered by an oxide or hydroxide and electropolishing 
occurs. The rates of steps A and B are proportional to the rate of holes to the surface, so 
if the current density is lower than Jep, step C will be faster than step B, the hydroxide is 
replaced by a fluoride which polarises and weakens the silicon-silicon back-bonds so that 
the individual silicon atoms are removed and porous silicon forms. However, HF is a 
weakly dissociating acid, when diluted in water it dissociates into H+, F- and various 
hydrofluoric species such as HF2- and (HF)2 according to the reactions:  
 
HF + F-H+  with K1 = [H
+][F-]/[HF] 
HF + F- HF2-  with K2 = [HF2
-]/[HF][F-] 
2HF (HF)2  with K3 = [(HF)2]/[HF]
2 
 
where K1, K2 and K3 are the equilibrium constants. If the concentration of HF2- is higher 
than F-, the reactive species in step C is HF2- rather than F-.  
 





Figure 1.4 Typical J-V curve of p-type silicon in dilute aqueous HF solution. 
 
1.4 POROUS SILICON LUMINESCENCE MECHANISM 
Luminescence from porous silicon was observed over a decade ago, but scientists have 
struggled to develop a mechanism to describe its photophysical properties. Traditionally, 
the photolumincesence of porous silicon can be divided into two regions: the red band 
and the green-blue band. The red band peak intensity extends from about 1.3eV (950nm) 
to 2.1eV (590nm). The decay times at room temperature of the red band are of the order 
of several microseconds, and the red band is therefore also termed the slow-band (S-
band) photolumincesence. The green-blue band peak intensity extends from about 2.1 eV 
(590nm) to 2.4eV (510nm). In contrast to the red band, the green-blue band commonly 
shows decay times in the nanosecond regime and is therefore termed the fast-band (F-
J 
 0 V 
Jep 
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band). Several mechanisms have been proposed to play a role in the visible 
photoluminescence from porous silicon layers. The basic mechanisms, which have 
received the most attention, are quantum confinement theory, molecular complexes and a 
surface states model.  
 
1.4.1 QUANTUM CONFINEMENT THEORY 
In 1991, Lehmann and Gõsele [38] suggested that porous silicon was made up of 
nanometer-sized crystalline silicon regions that possess, as a result of quantum 
confinement, a higher bandgap (Econfined) relative to the bulk crystalline silicon bandgap 
(Ebulk).  
 
Figure 1.5 shows a schematic diagram of a semiconductor quantum well. In the well 
electrons in the CB and holes in the VB are confined spatially by potential barriers, such 







Figure1.5 Schematic representation of a one-dimensional quantum well. 
Ebulk gap Econfined gap 
Conduction band   
Valence Band 
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As a consequence of the confinement of both electrons and holes, the lowest energy 
optical transition from the valence to the conduction band increases in energy, effectively 
increasing the bandgap.  
 
Employing a simple effective-mass approximation, the confined gap is given by the 
equation.  
 
where ωn = dimensions of confined region assumed to be a box with n = x, y, z, h = 
Planck’s constant and m*c, m*v = effective mass of the e- in the conductive band and h+ in 
the valence band, respectively. From this equation, it can be seen that as the dimensions 
of the confined space decreases, Econfined increases. It approximates to a transition energy 
of about 2eV for a particle size of roughly 3 nm. However, this approach for calculation 
of bandgap is too simplistic; it does not take into account the non-parabolicity of the CB, 
the detailed shape of the VB, nor the influence of neighbouring bands. A review of the 
using more sophisticated models that have been used to calculate of Econfined by several 
groups has been conducted by Collins et al [39]. Vial et al provided further confirmation 
of the quantum dot model [8]. 
 
1.4.2 MOLECULAR COMPLEXES 
Prokes et al [40] proposed that the light emission from porous silicon was due to the 
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valence bands leading to enlarged bandgaps. Another model, proposed by Brandt et al 
[41], suggested that siloxane (Si6O3H6) was the species responsible for luminescence 
based on the similarity on the light emission characteristics of porous silicon and 
chemically synthesized siloxane. However, evidence against these molecular species 
theories exists, since samples with no detectable hydride bonds or oxygen have been 
shown to still exhibit strong red luminescence. 
 
1.4.3 SURFACE STATES MODEL 
This is a hybrid model between the two extremes (quantum confinement and molecular 
species) that has been favoured by several groups and involves the existence of surface 
states, which acknowledges that a size-dependent blue-shift in the optical absorption is 
due to the small size of the nanocrystals, but also assumes luminescence occurs via 
transitions involving surface states [42,43]. This model can account for the luminescence 
in the range of 1.4 to 3 eV. The blue luminescence (2.7 to 3.0 eV) originates from a 
confinement length of 0.6 to 1.2 nm. Surface states can also explain the fixed 
photoluminescence energy of thermally oxidised nanoparticle systems [44]. Oxidation 
encloses the crystallite core in a thick SiO2 mantle and so the perturbed silicon states are 
now found at the interfacial SiO2 layer. It is postulated that the oxidised surface states 
become localised states with fixed photoluminescence energy.  
 
Furthermore, there are some researchers who believe that more than one mechanism is 
responsible for the emission. For example, Fauchet et al [45] believes that the red band is 
due to quantum confinement with possible contributions from surface states; the blue 
 
                                                                                           Chapter 1        Introduction and Literature Review 
 13
band is due to the presence of silicon dioxide; and the infrared band is linked to dangling 
bonds and bandgap luminescence in large crystallites.  
 
1.5 MICROMACHINING APPLICATIONS OF POROUS SILICON 
Besides its exciting electro-optical properties, porous silicon is important for 
micromechanical applications in the processes of micromachining. It opens a large 
number of interesting possibilities in microelectronics and microsystem technologies.  
 
1.5.1 THE REQUIREMENTS FOR A GOOD SACRIFICIAL LAYER  
A good sacrificial layer must satisfy stringent requirements [46]:  
• It must be possible to produce the layer in thicknesses which range from a 
few um to several hundred um. 
• The layer should etch very easily with high selectivity compared to other 
materials.  
• It must be possible to deposit and structure thin films on top of the layer.  
• The chemistry used to produce and etch the layer must be CMOS-
compatible.  
• Etch stops at low doping level of silicon is desired. 
• In the release, the sacrificial layer is removed entirely.  
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The anodically etched porous silicon meets all these requirements. The layer thickness 
can be tuned by etching conditions; porous silicon can be easily formed by HF 
anodization; and porous silicon is easily removed by KOH solution.  
 
1.5.2 BULK MICROMACHINING  
Bulk micromachining is a key fabrication method to produce micro-machined devices, 
such as membrane sensors, accelerometers and microactuator systems [47]. This 
technique has been used for the past 20 years and is still the most popular device 
fabrication technology. In bulk micromachining, large portions of the substrate are 
removed to form the desired micro-machined structures by etching a large single-crystal 
substrate. Although various different materials can be used as the substrate, silicon is by 
far the most often used because of its low cost, metallization and machinability, as well 
as the greater level of experience with this material, achieved through the production of 
semiconductor devices. The ability to selectively etch into the bulk of crystalline silicon 
provides a powerful technique in creating precise three-dimensional structures. 
Combining porous silicon and micromachining technology, complex sensors [48] and 
three-dimensional high aspect ratio structures [49, 50] can be achieved under stringent 
conditions.  
 
1.5.3 SURFACE MICROMACHINING 
Surface micromachining is a process based on the building up of material layers 
selectively remaining or removed by continued processing. The bulk of the substrate 
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remains untouched. In contrast to the subtractive process of wet bulk micromachining, 
surface micromachining is an additive process where features are built up layer by layer 
on the surface of a substrate.  
 
A typical surface micromachining process starts with passivation of silicon substrate 
using silicon nitride. On this substrate, a thin film of sacrificial oxide is deposited which 
will be patterned to obtain the desired device design. Then a layer of thin polysilicon 
film is deposited to form structural material. It is different from bulk processes as the 
devices are fabricated entirely out of the thin film material.  
1.5.4 LIGA 
LIGA (a German acronym for Lithographie, Galvanoformung, and Abformung) consists 
of three basic processing steps: lithography, electroplating and molding. Generally, the 
LIGA processes are as follows [19]: 
(a) A thick photoresist is patterned with extended exposure to X-ray radiation; 
(b) Developing results in the desired structures formed from the thick photoresist; 
(c) Metal is electroplated onto the exposed conductive surface of the substrate, filling 
the space and covering the top surface of the resist;  
(d) The photoresist is removed, forming a complementary metal structure;  
(e) The metal structure is then used as a mold insert for injection molding to form 
multiple plating bases; 
(f) The plating base replica is, in turn, used to electroplate additional metal parts; 
(g) After removing the polymer part, the final product is formed.       
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1.6 ETCHING PROCESSES 
The etching process, consisting of material removal from the substrate, is an important 
step in Microelectrical Mechanical System (MEMS) fabrication, which demands 
processes with high etch rate and selectivity. Generally two types of etching processes 
are distinguished: wet chemical etching and dry etching, which have their own 
advantages and drawbacks. The following sub-sections will briefly discuss the most 
popular technologies for wet and dry etching. 
 
1.6.1 WET CHEMICAL ETCHING 
Most chemical etchants are liquids. In wet etching, samples with patterned photoresist or 
beam-irradiated samples in the present case (refer to Chapter 2 and Appendix I) are 
immersed in the etching solution for a specified time. Wet etching will give good results 
with the proper combination of etchant and mask material/irradiation. Whether the 
etching solution will remove the film on the exposed areas (positive etching) or the 
mask-covered areas (negative etching) depends on the properties of the wafer and resist 
material. The profiles and etch rates are also controlled by the diffusion of active species 
to the exposed areas. 
 
There are two types of etching based on the etch rate of different directions: anisotropic 
etching and isotropic etching.  
 
 
                                                                                           Chapter 1        Introduction and Literature Review 
 17
1.6.1.1 Anisotropic Etching 
Anisotropic etching is the most commonly used method for micromachining of silicon. 
In this case, the etch rate of different crystal orientations are not the same. Usually, 
anisotropic etching is done chemically and the etchants are alkaline solutions, which 
include KOH, NaOH, EDP (ethylenediamine (NH2(CH2)2NH2), pyrocatechol 
(C6H4(OH)2) ), N2H4-H2O (hydrazine) and CsOH.  
 
The silicon surface is assumed to be hydrogen terminated and on the surface there are 
chemisorbed OH- around Si atoms.  The (100) and (110) planes have two back-bonds, 
while (111) oriented plane has three back-bonds. The number of back bonding 
determines the degree of polarization. Two Si backbonds are polarized by two Si–OH 
bonds for the dihydride surfaces present for (100) or (110) surfaces.  
 
A model for the dissolution process of silicon (100) in alkaline media is shown in Figure 
1.6 [51]. The dissolution is initiated by nucleophilic attack of OH– and a Si–OH bond is 
established under formation of H2. In step 2 the second Si–H bond of the Si surface atom 
is replaced by Si–OH under formation of another H2. The attraction of electrons by the 
ligands now weakens the silicon backbonds sufficiently that water can break these bonds 
as shown in steps 3 and 4. The silicon surface atom is dissolved with SiO2(OH)22– being 






















































Figure 1.6 The chemical dissolution of (100) silicon surfaces in alkaline solutions, 
adapted from [51]. 
 
The reaction is shown as below: 
Si + 2OH- + 2H2O → SiO2(OH)22- + 2H2 
 
However, {111} planes etch much slower than {100} and {110} planes. There are two 
possible reasons. First, different from {100} and {110} planes, {111} planes are close-
packed. Second, this can be interpreted as an insufficient polarization of three Si 
backbonds by only one Si–OH surface bond that can be established on a monohydride 
surface of (111), as shown in Figure 1.7. The weak polarization induced by only one Si–






























Figure 1.7 The chemical dissolution of (111) oriented surfaces in alkaline solutions, 
adapted from [51]. 
 
Higher index planes etch even faster than {100} and thus cannot be observed. 
Experimentally, the etch rates of low and high index planes are shown as follows [55, 
56]:  
{320} > {324} > {411} > {311} > {211} > {100} > {111}.  
However, the reasons why higher index planes etch faster are not yet clear.  
 
Sloped sidewalls are gradually formed along the etch-resistant {111} planes, while the 
<100> etch front progress downward with time. The {111} planes each form a 54.74o 












1.6.1.2 Isotropic Etching 
Isotropic etching occurs with the same etch rate in all directions, i.e. the lateral etch rate 
is about the same as the vertical etch rate and the etch rate does not depend upon 
orientation or the mask edge. Although it is called isotropic, the etching speed cannot be 
exactly the same when etching goes deep into surface. Charge transfer in the bottom is 
faster than that of along the sides because the potential drop between the back contact 
and the electrolyte, i.e. across the silicon itself, is a significant factor and the electric 
field line cannot be curved as shown in the figure 1.9a.  Therefore, the etching rate in the 
bottom is faster than other areas and the morphology is not a circle, but a sphere as 







   oriented surface 
   oriented surface 
 




                                                             
Figure 1.9 Isotropic etching profile. 
 
Electrochemical etching is usually isotropic in nature because the rate determination step 
in electrochemical etching is electron transfer process, which is independent of 
orientation.  The etchants used for isotropic etching include HF/ethanol solutions and 
HF/NH4F solutions.  
 
Wet etching works very well for etching thin films on substrates and can also be used to 
etch the substrate itself. The problem with substrate etching is that isotropic processes 
will cause undercutting of the mask layer by the same distance as the etch depth. 
However, at the same time, this undercutting can be advantageous, e.g. for making 
cantilevers.   
 
Anisotropic processes allow the etching to stop, or at least be drastically reduced, on 
certain crystal planes in the substrate. However, this still results in a loss of space, since 
these planes cannot be vertical to the surface when etching holes or cavities. If this is a 
limitation for the device manufacturing, dry etching of the substrate should be considered 
 X X 
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instead. However, the cost per wafer of drying etching will be 1-2 orders of magnitude 
higher than wet etching. 
 
1.6.2 DRY ETCHING 
Dry etching is only briefly introduced in the following since it is not a key point for this 
thesis work. With dry etching it is possible to etch almost straight down without 
undercutting, which provides much higher resolution and aspect ratios.  
 
The dry etching technology can be split into three separate classes called sputter etching, 
reactive ion etching (RIE) and vapour phase etching. 
 
Both chemical and physical processes are involved in RIE. In the chemical part, gas 
molecules are broken into ions by plasma and are accelerated to the substrate where they 
react chemically with the substrate materials, forming another gaseous material. 
However, if the ions also have high enough energy, they can knock atoms out of the 
material to be etched without a chemical reaction; this is a physical process. It is a very 
complex task to develop dry etching processes that balance the chemical and physical 
etching rates. By changing the balance it is possible to influence the anisotropy of the 
etching, since the chemical part is isotropic and the physical part highly anisotropic the 
combination can form sidewalls that have shapes from rounded to flat.  
 
Sputter etching is a gas-phase process that can be performed practically with all 
materials. In sputter etching, atoms are knocked out of the solid and brought into the gas 
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phase by fast ions or neutral particles; it is essentially RIE without reactive ions. The 
systems used are very similar in principle to sputtering deposition systems. The big 
difference is that the substrate is now subjected to the ion bombardment instead of the 
material target used in sputter deposition. 
 
In vapour phase etching the wafer to be etched is placed inside a chamber into which one 
or more gases are introduced. The material to be etched is dissolved at the surface in a 
chemical reaction with the gas molecules. The two most common vapour phase etching 
technologies are silicon dioxide etching using hydrogen fluoride (HF) and silicon etching 
using xenon diflouride (XeF2), both of which are isotropic in nature. Usually, vapour 
phase etching can be done with simpler equipment than what RIE requires. Care must be 
taken in the design to minimize the amount of by-products which are formed in the 
chemical reaction that condense on the surface and interfere with the etching process. 
 
In Table 2, both wet and dry etching processes are compared by highlighting strong 
points and weak points. 
 
                                                                                           Chapter 1        Introduction and Literature Review 
 24
Table 2 Differences between anisotropic and isotropic wet etching. 
    Attributes Wet etching Dry Etching 
Selectivity High Low 
Etching cost Low High 
Process time Low Low 
Sub-micron Technology Difficult Easy 
Specific defects Galvanic effects Damage by radiation 
Environment cost High Low 
Products consumption High Low 
Process control Difficult Fair 
 
1.7 MEMS APPLICATIONS 
There are numerous possible applications for MEMS. As a breakthrough technology, 
allowing unparalleled synergy between previously unrelated fields such as biology and 
microelectronics, many new MEMS applications will emerge, expanding beyond that 
which is currently identified or known. Here are a few applications of current interest:  
 
1.7.1 BIOTECHNOLOGY 
MEMS technology is enabling new discoveries in science and engineering such as DNA 
sensors [57], biochips to sequence DNA [58], the Polymerase Chain Reaction (PCR) 
microsystems for DNA identification and amplification [59], microsystems for drug 
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delivery [60-63] and high-throughput drug screening [64] and micromachined scanning 
tunnelling microscopes (STMs) [65]. The fastest growing field is BioMEMS, which 
combines the technology of biology and micromachinary, will offer an important tool of 
medicine, analytical chemistry and environmental screening in the future [66]. 
 
1.7.2 ACCELEROMETERS 
Accelerometers are probably the most common application of MEMS technology as they 
only require sensing the movement of a mass subject to acceleration. MEMS 
accelerometers are quickly replacing conventional accelerometers for crash air-bag 
deployment systems in transportation applications [67]. The conventional approach that 
uses bulky accelerometers made of discrete components mounted in the front of the car 
with separate electronics near the airbag costs over US$50 per automobile. MEMS 
technology has made it possible to integrate the accelerometer and electronics onto a 
single silicon chip [68] at a cost between US$5 to US$10. In addition, these MEMS 
accelerometers are much smaller, more functional, lighter, and more reliable than the 
conventional macroscale accelerometer elements. 
 
1.7.3 COMMUNICATIONS 
High frequency circuits will benefit considerably from the advent of the RF-MEMS 
technology [69]. Electrical components such as inductors and tuneable capacitors can be 
improved significantly compared to their integrated counterparts if they are made using 
MEMS technology [70, 71]. With the integration of such components, the performance 
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of communication circuits will improve, while the total circuit area, power consumption 
and cost will be reduced. In addition, MEMS switches developed by several research 
groups [72-75] could be a key component with huge potential in various microwave 
circuits. The demonstrated samples of these mechanical switches have quality factors 
much higher than anything previously available.  
 
Reliability and packaging of RF-MEMS components seem to be the two critical issues 
that need to be solved before they receive wider acceptance by the market.  
 
1.8 THESIS LAYOUT 
This thesis encompasses a concise introduction and literature survey of work done in 
both theoretical and experimental aspects of porous silicon and its micromaching 
technology followed by a description of the experimental methods and materials 
employed in this research work. Chapter 3 essentially covers the experiment results of 
porous silicon formation and characterization. Chapter 4 presents SEM images of 
micromachined structures. Finally, a summary of this work is presented along with the 
conclusions drawn from its findings together with suggestions on how this work can be 
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CHAPTER 2 EXPERIMENTAL 
Anodic etching of silicon in HF solutions has been used for many years for polishing 
surfaces, thinning of wafers, and realizing thick porous layers and silicon-on-insulator 
(SOI) structures. 
  
2.1 FABRICATION OF POROUS SILICON  
One of the fascinating aspects of porous silicon is its simple and cheap preparation. 
There are many ways to prepare porous silicon, such as, spark erosion of silicon wafers 
[1-3], synthesis of silicon-cluster containing chemical components (such as siloxane) and 
vapour etching [4-5]. However, the most common and convenient technique is 
electrochemical etching; dissolution of crystal silicon wafer in HF-based solutions. The 
dissolution of the silicon can be monitored either by the anodic current or by the 
potential. In general, constant current is preferable, which was the method chosen for the 
present work, as it allows a better control of both the porosity and thickness, providing 
better reproducibility from run to run. Basically, the experimental parameters were based 
on a typical concentration of HF from 20 to 50% and a current density typically from 1 
to 100 mA/cm2 applied for a time from 1 to 60 min.     
 
2.1.1. SILICON ELECTRODE PREPARATION 
The Silicon electrodes were fabricated from p-type (100), (110) or (111) silicon wafers 
with resistances ranging from 0.02~0.03 Ω·cm to 5~10 Ω·cm. However, most of the 
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experiments for electrochemical etching were based on p-type silicon (100) since it is 
easy to cut and forms a regular square, which made the processes more convenient.   
 
An oxide layer of about 1 nm thickness is present on a silicon wafer as received from the 
supplier. This oxide is called a native oxide and forms on every bare silicon surface 
exposed to ambient air. To make a silicon electrode, first, the samples were pre-etched in 
10% HF for 60 seconds to remove the native oxide on the wafer and washed by distilled 
water. After this, Gallium-Indium eutectic was used to make Ohmic contacts to the 
backside of the wafers. Copper wires were attached to the eutectic; before making the 
contact the copper wires were dipped in dilute H2SO4 to remove any oxide on their 
surface. After the eutectic was half-dried, acid-resistant epoxy was applied to cover the 
backside of the silicon to protect the copper wire from being etched. Electrochemical 
etching was carried out in a two-electrode PTFE cell after the epoxy was dry enough and 
it was confirmed that no copper wire was left outside the epoxy. Before etching, the 
sample was tested by an ohmmeter to make sure an Ohmic contact existed. 
 
Even when the etching conditions were nominally the same, there were different 
morphologies in the porous silicon films produced. Uneven etching is due to the 
inhomogenous current density distribution on the silicon wafer surface, e.g. the current 
density, which is proportional to the etching rate, is higher on the edge than in the middle 
of the wafer. At the same time, the thickness and distribution of the Gallium-Indium 
eutectic was not exactly the same on the surface of different samples. However, more 
reducible PS was obtained by improving the silicon electrode preparation techniques: a 
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fresh and thicker eutectic layer was applied to the backside; copper wire with 64 strands 
instead of 20 strands was chosen to make the electrode; the strands of the copper wire 
were spread out evenly across the silicon’s surface.   
 
2.1.2 CELL SET UP 
The typical experimental setup for anodization of p-type silicon is shown in Figure 2.1. 
The silicon wafer serves as the anode electrode (+) and the cathode (-) was platinum 
meshwork. The beaker was made of highly acid-resistant polymer, usually PTFE 
(Teflon). PS is formed on any wafer surface in contact with the HF solution, including 
the cleaved edges. The advantage of this set-up is its simplicity. Its drawback is the non-
uniformity in both the porosity and thickness of the resulting layer. This inhomogeneity 
is mainly due to a lateral potential drop between the top (point A) and the bottom (point 
B) leading to different values of the local current density, which induce porosity and 
thickness gradients. To help reduce this effect, the Ga-In back contact was spread out 
over the whole of the back of the wafer.  
 
The etching solution was made up of a 1:1:2 mixture of HF: H2O: Ethanol unless 
otherwise specified. Ethanol serves to improve the wetting of the silicon/PS surface as 
well as to minimize hydrogen bubble formation. The p-type silicon was etched at a 
constant current; the influence of different etching currents from 5 mA/cm2 to 80 
mA/cm2 and etching times from 1 to 60 min was investigated. The etching was carried 
out at room temperature. The effect of pH was also studied. 
 
 




Figure 2.1 Electrochemical etching setup for p-type silicon. 
 
Preliminary studies showed that the optimized etching condition for porous silicon 
preparation was: etching time from 10 to 30 min; current density from 10 to 40 mA/cm2, 
etching solution is HF: H2O: Ethanol=1:1:2. Therefore, these conditions were mostly 
used in this thesis work. Under these conditions, it is easy to obtain porous silicon with 
strong photoluminescence without destroying the silicon electrode. For example, if the 
etching time was too long (more than 30 min), the epoxy protecting the electrical 
contacts was attacked by the HF.  Likewise if the ratio of HF was reduced, the 
concentration of HF2-/F- was not enough to carry out step C as mentioned in Chapter 1.3 
and resulted in the formation of passive oxide films (Section 3.1). As mentioned in 
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pore fineness. The proper ethanol concentration is important to achieve finer pores and a 
better uniformity of the porous layer. 
 
2.2 CHEMICAL ETCHING OF SILICON   
An 8M KOH aqueous solution was used as the etching solution for oxygen irradiated 
silicon wafers. Both p-type and n-type wafers were studied. Before carrying out chemical 
etching, the irradiated wafer was treated with 10% HF to remove the native oxide (as for 
electrochemical etching).  After that, the wafer was rinsed by deionised water and put 
into the pre-heated KOH solution (70-80oC) for a few minutes and taken out and rinsed 
by deionised water and checked under the optical microscope first. If the structures could 
not be seen, the previous procedures were repeated. 
 
2.3 POST-TREATMENT OF THE POROUS SILICON  
2.3.1 LUMINESCENCE SAMPLES 
After etching, the sample was dipped into 95% ethanol immediately since the ethanol is 
one of the components of the etching solution and it can also reduce the surface stress of 
the porous silicon and remove the HF residue inside the structures. Then the sample was 
dried with pentane to prevent cracking since it has a low surface tension (~14 mJm-2), 
compared with the value of water (~72 mJm-2) and has no interaction with porous 
silicon. Finally the sample was kept in a vacuum until it was required for 
photoluminescence measurement or SEM examination.  
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2.3.2 MICROMACHINED SAMPLES 
The steps were the same as for photoluminescence samples with the addition that KOH 
was used to remove the PS layer. A 2M KOH solution was mixed with the same volume 
of ethanol. The ethanol helps to remove the deposited impurities that might contaminate 
the patterned structures. The sample was immersed into this solution and this induced the 
dissolution of PS. The duration of immersion was varied according to the thickness of 
the PS as well as the irradiation dose. After KOH-ethanol treatment, the sample was 
rinsed with deionised water and ethanol respectively and dried with a delicate task wiper 
(tissue free). The sample was checked under an optical microscope first. If it was not 
clean, the etching solution (containing HF) was used to clean the sample. If the structures 
were not obvious, the sample was etched again in KOH. 
 
2.4 MICROMACHINARY OF THE SILICON WAFER 
The steps in conventional photolithographic processes include: make mask; apply 
photoresist; expose the photoresist through the mask; develop the photoresist in a 
solvent; etch layer of interest; and remove photoresist. However, in this work direct 
beam writing was used as an alternative method. This technique used fast ions to 
irradiate the silicon wafers. Different types of ions, proton, helium and oxygen ions at 
different doses and energies were used to form the expected structures during the study. 
The detailed works of beam writing were carried out by the Centre for Ion Beam 
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Applications (CIBA) in the Department of Physics at the national University of 
Singapore. Please refer to the Appendix at the end of this thesis for further details.   
 
2.5 SAMPLE CHARACTERIZATION  
There is a range of techniques that can be used to study the structural characteristics of 
porous silicon. Transmission electron microscopy (TEM) could be used to study porous 
silicon because its resolution can go down to atomic dimensions. However, the sample 
preparation technique is quite complex, as the specimen has to be thinned to electron 
transparency scale. The major disadvantage of the TEM is that the thinning, usually ion 
milling or direct cleavage, introduces atomic-scale damage and disorder to the sample. 
An alternative technique is the atomic force microscopy (AFM), which has a comparable 
resolution to TEM and gives a direct surface image. However, the AFM requires a 
smooth surface, which is hard for porous silicon to achieve and its lateral resolution is 
quite restricted. Therefore, we used scanning electron microscopy (SEM) to study the 
morphology of the porous silicon, for which the sample preparation is relatively easy; it 
causes little damage on the structure and it can directly image the structures. Although 
the resolution of SEM is lower than TEM and AFM it was sufficient for the 
characterization of the porous silicon we obtained in this work.  
 
2.5.1 OPTICAL MICROSCOPE 
The micromachined samples were first checked under an optical microscope to have an 
idea of the etching extent; allowing a decision to be made as to whether further etching 
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was necessary or not. Only when the structures could be observed under the optical 
microscope, were SEM and other facilities used to study the samples.  
 
2.5.2 SCANNING ELECTRON MICROSCOPY  
Images of the porous silicon samples were first obtained using a Philips XL 30 FEG 
SEM (resolution 5 nm at 1 kV, error <3%). Although its resolution can go down to 2 nm, 
the available contrast makes it difficult to visualize the smallest structures. Gold coating 
was not necessary, the conductivity of the samples being adequate for a high 
magnification of 40000x or more. When characterizing the images of the micromachined 
structures, the sample holders were tilted to observe the structures inside or the 
undercutting parts.  When it came to the measurement of the heights, a vertical holder 
was used. The working parameters of the microscope are shown in the scale bars on each 
of the pictures. All the pictures were taken under 5kV operating voltage unless otherwise 
specified.  
 
2.5.3 LUMINESCENCE PROPERTIES OF PS 
The bright luminescence of porous silicon is its most spectacular property and 
photoluminescence was first tested under the excitation of a handhold 4W UV lamp in a 
dark box to test the efficiency of etching. After that spectra analysis was done by a 
Renishaw® Micro-Raman and Photoluminescence 2000. The activating laser was a He-
Cd with a power of 20 mW and a wavelength of 325 nm. The sample was placed on the 
stage, after focusing to a 1 mm spot size; the laser was shifted on to the active area of the 
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sample. The PL spectra were obtained within a few seconds from the PC screen after 
processing by the attached software. 
 
2.5.4 PROFILOMETER  
The heights of the micromachining structures were measured by a Tencor Alpha-Step 
500 stylus profilometer. The Alpha-Step 500 stylus profilometer uses a diamond tip to 
scan a surface to get information about surface topography. Like any scanning probe, the 
tip has a finite surface area which interacts with the sample being scanned as illustrated 
in Figure 2.2.  
 
 
Figure 2.2 Operation mechanism of stylus profilometer. 
 
The tip scans across the surface of the sample and an inductive sensor registers the 
vertical motions of the tip.  The signal generated by the motions of the tip is used to 
Sample 
Trace 
stylus tip angle 
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create a two-dimensional profile of the surface. It offers excellent repeatability and 
performance to analyze and monitor processes.  The tool measures the difference in 
thickness across a sample. The precision of the profilometer used is 0.01 µm.  
 
2.6 TYPES OF SILICON WAFERS  
The types of silicon wafers used during this study are listed in Table 3. The abbreviations 
are used throughout this thesis. The SEH100 wafer was mostly used for the 
photoluminescence experiments as it proved to be the wafer that gave the best results in 
terms of reproducibility. However, for micromachinary structures GF100 was used the as 
it was easier to obtain from the supplier.  
 
Table 3 Silicon wafers used during study. 





DB100 (100) P 0.02~0.03* 0.280 Boron Virginia 
DT100 (100) P 10~20* 0.532 Boron Virginia 
GF100 (100) P 5~10* 0.380 Boron Goodfellow 
GF111 (111) P 5~10* 0.380 Boron Goodfellow 
SEH100 (100) P 5~50#  0.514 Boron ShinEtsu 
 
* Value was obtained by four-probe method. 
# Value was obtained from the product catalogue.  
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CHAPTER 3 STUDY OF POROUS SILICON 
The dimensions of the microstructure and the thickness of the porous layer are a function 
of: the composition of the etching solution; the availability of holes; dimensions and type 
of conductivity of the original silicon substrate; the value of anodic current density and 
time of anodization [1]. The pore size distributions of porous silicon are dependent on 
both the resistivity of the substrate, the electrolyte and the anodization current density 
and time [2]. However, there is no systematic study on the effect of current density and 
etching time on the pore size distribution (PL properties) of the p-type wafer (resistivity 
5~10 Ω·cm).  Some investigatory studies (sections 3.1-3.3) were carried out at first to 
find the optimum conditions for porous silicon formation. Nevertheless, the main 
purpose of this chapter was to obtain a blue-shift of the photoluminescence (sections 3.4-
3.6).   
 
3.1 INFLUENCE OF HF CONCENTRATION 
Figure 3.1 shows the morphologies of two samples formed under different etching 
conditions, the main difference being in the HF concentration.  The structures formed in 
the high HF concentration (12.5%), Figure 3.1(b), were much more homogenous than 
those in the more dilute solution (5%), in Figure 3.1(a). Also, facets related to the 
orientation of the crystal are prominent in Figure 3.1(b). 
 
At the lower concentration the number of HF2-/F- ions was not enough and the etching is 
determined by the availability of these ions instead of the current density. The surface 
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was covered by a shiny film. The requirement of a high fluoride concentration for 
efficient etching is consistent with the mechanism discussed in section 1.3; low HF2-/F-   
results in the formation of a passive oxide film. However, after staying in the air for a 
few minutes, this shiny surface oxide film broke into many tiny pieces due to surface 
stress and these tiny pieces curved and detached from the surface of the crystal.    
 
   
                            (a)                                                                  (b) 
Figure 3.1 Different morphologies of porous silicon under different etching conditions.                           
(a) 40 mA/cm2 for 5 min; HF: H2O: Ethanol= 1:4:5; (b) 60 mA/cm2 for 3min; HF: H2O: Ethanol=1:1: 2. 
 
3.2 INFLUENCE OF CONDUCTIVITY 
This series of experiments was conducted on the four wafers with (100) orientation 
(DB100, DT100, GF100 and SEH100). Regardless of the etching conditions, it was 
found that the highest conductivity wafer DB100 (0.02~0.03 Ω·cm) did not form good 
porous silicon, although a very weak red luminescence along the border of the wafer 
could be obtained when a low current density was used (the grey area of Figure 3.2(a)).  
Lehmann et al [3] have reported that only mesoporous silicon forms on high conductivity 
5 µm  5 µm 
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wafers, which unlike the microporous silicon does not luminescence (or at best very 
weakly). The SEM image focused on this luminescent area was consistent with images 
presented by Lehmann et al as representing the formation of mesoporous silicon (Figure 
3.2(b)). 
                                                                               
                       (a)                                                                        (b) 
Figure 3.2 Luminescence area (a) and SEM image (b) of DB100. 
 
The other more resistive wafers all yielded porous silicon with good photoluminescence 
(PL), however the etching of the DT100 wafer was very inhomogeneous, probably 
because it was much thicker than other samples. This could have caused a significant IR 
drop to develop across the wafer: one or two spots less than 1mm2 etched deeply while 
the other areas remain untouched. Both the GF100 and the SEH100 wafers etched to 
form porous silicon gave out bright luminescence. Finally, SEH100 was chosen for the 
bulk of the PL studies because it was cheaper than GF100.  
 
3.3 THE EFFECT OF STIRRING DURING ETCHING 
The idea of stirring the etching solution was to improve the mass transport to and from 
  10 µm 
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the surface and therefore homogenous etching might be obtained. However, the results 
are not promising. The “stirred” samples gave out very weak light while stimulated by 
UV light and no peak was observed within the PL spectra range from 330 nm to 640 nm.  
 
Surface cracking occurred when a small etching time (3 min) was applied in a stirred 
solution as shown in Figure 3.3(a). As the etching time increased to 30 min, deposits 
were observed inside the structures (Figure 3.3(b)). These deposits might be the 
aggregations of small particles of silicon, since the dissolved silicon will aggregate 
together due to the agitation of the solution. These particles blocked the pores of the 
porous silicon, thus reduced the luminescence detected from the samples. 
 
   
                               (a)                                                                      (b) 
Figure 3.3 The effect of stirring the solution during etching. 
(a) 20 mA/cm2 etched for 3 min; (b) 20 mA/cm2 etched for 30 min. 
 
As can be seen from the SEM pictures in Figure 3.3, cracking of the samples was a very 
common phenomenon. It can also be easily detected with unaided eyes since it is 
5 µm  5 µm 
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characterized by a loss of spectral reflection on the porous silicon surface [4]. Capillary 
forces have been invoked to explain such cracking [5]. Many drying techniques 
including supercritical drying, freeze drying and pentane drying have been suggested to 
avoid or minimize cracking [6]. Researchers have also found that alternating current, 
which when applied with a given frequency and peak voltage, forms porous silicon that 
exhibits higher mechanical stability during the drying step than layers formed using the 
standard direct current technique [7]. 
 
In this work pentane drying was used partly because it is cheap and simple and partly 
because the properties of the porous silicon are less likely to change than with some of 
the other drying technique [8]. However, pentane drying does not eliminate all cracks; 
especially when the porous silicon film is thick or highly porous. Even when the porous 
silicon is taken out of the HF solution and dried with ethanol and pentane respectively, 
the sample still must stay in the air for a few seconds, therefore surface tension cannot be 
completely avoided.  It is recognized that mechanical stability is of crucial importance 
for porous silicon as a displaying material and thus attentive methods will be required 
before porous silicon can be practically applied in the fields. However, the present study 
mainly focused on the nanostructures of porous silicon, cracking did not completely 
destroy the nanostructures and had little effect on PL spectra.  
 
3.4 PL UNDER DIFFERENT CURRENT DENSITIES 
Due to non-homogeneous etching, different PL can be found in a single sample. 
However, there was always one PL region dominating the sample. Therefore, when 
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comparing different samples, the dominating PL was chosen; the plots were normalized 
to the maximum intensity so that all the PL spectra have the same maximum, whilst the 
signal to noise ratio still gives an indication of the original intensity. When monitoring 
the influence of aging on a single sample the original plots, without normalization, have 
been used to show intensity variations with time. 
  
The intensity recorded did not only depend on the intensity of the PL but also on (a) how 
flat the samples were mounted and (b) surface roughness (this produces scatter); so it is 
debatable how reliable conclusions drawn on intensity differences between different 
samples are, unless these changes were very large. During the PL study the epoxy and 
Ga-In eutectic on the backside of the wafer was removed to ensure the samples were 
mounted as flat as possible. Only samples with a smooth surface (observed by naked 
eyes) were chosen to be studied.  Removal of the all the epoxy was particularly 
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Figure 3.4 PL under different current densities, etching time 10 min. 
 (a) 10 mA/cm2; (b) 20 mA/cm2; (c) 30 mA/cm2; (d) 40 mA/cm2. 
 
Preliminary studies show that the etching times that I used (from 5 min to 30 min) shows 
no effect on the PL of porous silicon. Typical PL spectra are shown in Figure 3.4 for 
samples etched at different current densities. The zigzag along the spectra was partly due 
to incoherent scattering and partly on artefact of the grating monochrometer. The peak at 
~ 490 nm, which occurred in all spectra, is also thought to be an artefact of the 
instrumentation and so that it will be ignored during discussion; it is not known why the 
software failed to deal with this anomaly. (Note: 490 nm is the position of one of the 
strong spectral lines in mercury fluorescent lamps and is also approximately 1.5x the 
simulation wavelength of 325 nm. Both these represent possible sources of 
contamination in the signal). The common features of the four curves are:  all of them 
have two broad bands at about 390 nm and 600 nm, usually referred to as the S-band and 
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F-band respectively. However, note that the F-band (390 nm in our case) is considerably 
blue-shifted from its normal range of 590 nm to 510 nm (see Chapter 1.4). In addition 
the Full-Width Half-Maximum (FWHM) of 390 nm increased as current density 
increased. This may be due to the size uniformity decreasing as the current density 
increases.  
 
There are two possible reasons to explain these phenomena. First, this may be due to the 
size uniformity decreasing as the current density increases.  Second, another possibility 
is that the ratio of oxide to nanosize crystals changes as current density increases. At 
lower current density (10 mA/cm2), the peak is narrower, this implies that there might be 
a dominant species between oxides and nanocrystals, however, at higher current densities 
(20, 30 and 40 mA/cm2) , the peak is broader which means the amount of oxides is 









narrower peak                                                        broader peak 
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3.5 PL UNDER DIFFERENT PH  
 
Small amounts of mineral acid or alkaline aqueous solution were added to the etching 
solutions to monitor any effect of pH on the formation and characterization of porous 
silicon. 
 
When HNO3 (0.1M) or HCl (0.1M) was added to the etching solution, the surface tended 
to electropolish and no characteristic porous silicon structures were seen, only dark 
smooth region can be observed under SEM. The PL was weakened and red shifted under 
UV lamp. The life of the PL was very short. Such that by the time the sample was taken 
to measure PL with the spectrometer no peak was observed in the visible region. Since 
lowering the pH reduces the concentration of free F- and HF2- ions, the reaction 
mechanism shown in chapter 1.3 would indicate electropolishing the porous silicon 
should occur.   
 
When NaOH (0.1M) was added to the etching solution, a higher pH means more F- ions 
and might favour porous silicon formation over electropolishing as mentioned in Chapter 
1.3, it was found that the probability of observing green light under handhold UV lamp 
were increased. Taken etching current 30 mA/cm2 and time 10 min as an example, there 
were two categories of PL spectra: one collected from the central area of the sample that 
showed little difference from that obtained without NaOH conditions, with the red S-
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band being dominated (compare Figure 3.4 and 3.6); however, in other collected from 
the edges of the sample, where the current density distribution was much higher, the 
blue/green F-band started to dominate the spectrum (Figure 3.7). 






















Figure 3.6 Bulk area PL observed by adding NaOH to etching solution collected 
from three different locations on a single sample. 
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Figure 3.7 “Edge” PL observed by adding NaOH to etching solution. 
 
The intensity of the 380 nm peak increased and the FWHM narrowed compared with 
without NaOH etching conditions.  This implies that higher pH (more OH-) may help to 
stabilize the small size nanocrystal size. Alternatively, it could be encouraging the 
formation of silicon dioxide, which mentioned in section 1.4.3, has been postulated by 
some authors as being the source of the green F-band [9]. However, further work is 
needed to explain this, e.g. measuring time constant of decay.  The "S" band has a 
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3.6 INCORPORATING H2O2 DURING ETCHING 
Several methods have been tried to achieve stable and strong green PL, one of which was 
the work of Zain Yamani et al [10] who prepared luminescence silicon by incorporating 
H2O2 in the anodizing process. It is said that H2O2 helped to increase the etching speed, 
producing smaller particles [11]. However, again it must be recognized that the source of 
the green luminescence is still dispute [9]. 
In the present study H2O2 (30% by volume) was used as a component of the etching 
solution to replace water, i.e. HF: H2O2 (30% by volume): Ethanol=1:1:2. Three wafers 
were etched for 10 min at etching current densities of 10, 20 and 40 mA/cm2 
respectively. The whole surface of all the samples emitted green light under hand held 
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(a)                                                                         (b)  
Figure 3.8 PL of porous silicon etched in H2O2 at different etching conditions by a hand 
–held UV lamp (a) 10 mA/cm2; (b) 40 mA/cm2 for 10 min. 
 
The structures of the porous silicon on these three samples all appeared similar under 
SEM. The sample with etching current density of 20 mA/cm2 was taken as an example 
and is shown in Figure 3.9.  It can be seen that structures of macroporous silicon are 
formed with H2O2, although the edge of the wafer (Figure 3.9(b)) tends to be polished; 
this corresponds with the higher current density expected at the edges. It has been 
reported by Lehmann that macroporous silicon often accompanies the microporous 
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                                 (a)                                                                           (b)       
   
                                (c)                                                                           (d)       
 
Figure 3.9 Morphologies of porous silicon etched at 20 mA/cm2 for 10 min in the 
presence of H2O2 obtained at different areas of the sample (a) in the centre; (b) on the 
edge; (c) deeply-etched area; (d) the “wall”. 
 
The sizes of the “honeycombs” under different etching current densities are compared in 
Figure 3.10.  It can be seen that although the pore size did not change much, the pore 
walls became thinner as the etching current density increased.  This probably reflects the 
 10 µm   2 µm 
 20 µm  1 µm 
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higher total charge passed in the latter case removed more silicon, indicating that etching 
occurs both laterally as well as perpendicularly. 
 
                           
(a)                                                                 (b) 
   
              (c)                                                                 (d)   
Figure 3.10 Comparison of “honeycomb” size under different current densities etched 
for 10 min. 
(a) 10 mA/cm2, plan view; (b) 10 mA/cm2, tilt 45 degree;   
(c) 40 mA/cm2, plan view; (d) 40 mA/cm2, tilt 45 degree.                                            
 
  2 µm  10 µm 
  2 µm  10 µm 
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When the samples were tilted to 45 degree, it was revealed that the honeycombs 
consisted of long column like tube. The inside of the “honeycomb” can also be observed 
and at high resolution it appears as there may be smaller nanoscale tubes present which is 
possibly the regions of the microporous responsible for the visible PL silicon [12] 
(Figure 3.11).   
 
  
(a)                                                               (b) 
Figure 3.11 The inside structures of the pore of “honeycombs”. 
(a) general view; (b) inside structures of one single pore.  
 
The PL spectra from the H2O2–assisted etched sample at a current density of 20 mA/cm2 
and etching time 10 min is illustrated in Figure 3.12. Obviously, there are two 
differences compared to the normal condition samples (Figure 3.4). First, there is no red 
peak (S-band) at 600 nm but a single sharp peak at 390 nm (F-band). Second, the 
FWHM is smaller than without H2O2 conditions. This implies that either the structure of 
the porous silicon formed by H2O2–assisted etching is more uniform than without H2O2 
conditions or only silicon dioxide is produced. As mentioned in section 3.4, the peak at 
  2 µm 
 
  500 nm 
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~490 nm is an artefact of the instrumentation and so that it has been ignored during 
discussion. 
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CHAPTER 4 SILICON MICROMACHINARY 
Patterning of porous silicon using selective doping can be performed by low energy 
boron, phosphorus or gallium ion implantation followed by high temperature annealing 
[1, 2]. The technique of utilizing finely-focused high energy protons beam for three-
dimensional (3D) lithography in various polymer resists has been well developed and 
researched [3,4]. Recently, Polesello et al [5] demonstrated the possibility of patterning 
silicon as a resist material using MeV protons. However, these authors only produced 
poor quality two-dimensional structures and no 3-D structures were reported. E.g. 
Polesello’s structures were achieved by a Scan Amplifier, which only allows irradiation 
of simple patterns such as squares and rectangles. In this chapter, a process is described 
for silicon micro-fabrication based on energetic mega-electron-volt (MeV) helium or 
hydrogen ion irradiation followed by electrochemical etching to produce porous silicon 
that is subsequently removed in KOH to reveal the fabricated structure. We also used the 
specialized software, Ionscan, which was developed at the CIBA. The software allows 
any scanning modification inside the boundaries fixed by the scan amplifier itself.   The 
ion-induced damage acts as an electrical barrier during subsequent electrochemical 
etching of the semiconductor surface and slows down the porous silicon formation rate, 
so the un-irradiated regions are preferentially removed in diluted potassium hydroxide 
solution and produces a raised microstructure. The thickness of the porous silicon layer 
formed depends on the inverse of the accumulated dose at each scan point; maximum 
thickness being in the unirradiated regions where the dose is zero.  
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Figure 4.1 shows the basis of this method. A finely-focused beam of helium ions or 
protons is scanned over the wafer’s surface. The ion beam knocks off the silicon atoms 
from its lattice site and this creates a vacancy and also a silicon interstitial. The ion beam 
loses energy as it penetrates the semiconductor and comes to rest at a well-defined range; 
in silicon this is equal to ∼7.1 µm for 2 helium ions and ∼ 47.0 µm for 2 MeV protons 
(please refer to Appendix). The stopping process causes the silicon crystal to be 
damaged, by producing additional vacancies in the semiconductor. Most of the beam 
damage is produced close to the end-of-range, effectively forming localized regions of 
higher vacancy concentration. A higher beam dose at any region produces a higher 
vacancy concentration, so by pausing the focused beam for different amounts of time at 
different locations we can, in theory at least, build up any pattern of localized damage in 
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(a) 
 
   (b) 
    
   (c) 
 
 
          Low defect region 
          High defect region  
          Porous silicon 
 
Figure 4.1 Schematic fabrication process for three-dimensional micromachining 
using a focused MeV light-ion beam, showing (a) sample irradiation, (b) electrochemical 
etching and (c) porous silicon removal in diluted KOH solution. 
 
4.1 PRELIMINARY STUDIES 
4.1.1 ANISOTROPIC ETCHING  
Preliminary studies were conducted using both chemical (KOH) anisotropic etching and 
electrochemical isotropic etching. We chose KOH for chemical etching agent because 
KOH is cheap and safe in the lab and there is no literature mentioned that the other 
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chemicals (CsOH, EDP, N2H4-H2O and etc.) are better than KOH. Initial trial of H+ 
damage failed to give structures by chemical etching because H+ causes damage deep 
within the silicon rather than at the surface and chemical etching is not as deep as the 
electrochemical etching. In other words, lighter ions can penetrate the substrate deeper 
with lesser surface damage while O+ is heavier and causes more surface damage than H+ 
and He2+. Therefore, chemical etching is only selected for O+ damaged silicon, not for H+ 
and He2+. Chemical etching was easier to set up and re-etch for additional times to 
expose the microstructures compared with isotropic etching. However, the shapes of the 
remaining structures were determined by the slow etch planes, as explained in Chapter 
1.6.1.1.  
 
A 300KeV oxygen irradiated GF100 sample was chemically etched in 8M KOH at 80oC 
for 5 min and obtained the cross structure shown in Figure 4.2.   
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(a)                                                                      (b) 
Figure 4.2 GF100 etched in heated KOH for 5 min. (a) general view; (b) part 
view. 
 
After the sampled was observed under SEM, it was re-etched under the same conditions 
for another 5 min. However, the structures were removed completely by the second time 
etching and could not be observed under SEM.  
 
For comparison a GF110 sample was also irradiated with 300KeV oxygen and etched in 
8M KOH at 80oC for 5 min (Figure 4.3). The GF110 was also re-etched for another 5 
min and observed under SEM again. Unlike the (100) orientation, the structures in (110) 
were still visible (Figure 4.4). This difference in the behaviour between the two 




    50 µm 
 
    5 µm 
 
 
                                                                                                             Chapter 4        Silicon Micromachinary 
 64
 
                           
(a)                                                                      (b) 
Figure 4.3 GF110 etched in heated KOH for 5 min. (a) general view; (b) part 
view. 
   
(a)                                                                      (b) 
Figure 4.4 GF110 etched in heated KOH for another 5 min. 
(a) general view; (b) part view. 
 
The oxygen beam damaged silicon was positively etched instead of negatively etched as 
we had originally assumed; that is we had expected damaged areas to etch faster as has 
been shown for irradiated glass [6]. The damaged region etched slower than the substrate 
and only the un-irradiated regions are removed in dilute KOH.  This implies that either 
    5 µm 
 
     20 µm 
    20 µm    10 µm 
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the mechanism of chemical etching process involves some charge transfer and therefore 
depends on the wafer’s conductivity, which would be lower in the damaged regions, or 
the oxygen beam irradiation creates a SiO2 layer that is resistant to KOH. Further 
investigations are needed to fully answer this question. 
 
                             
(a)                                                            (b) 
 
Figure 4.5 Gratings by chemical etching and electrochemical etching. 
(a) chemical etching; (b) electrochemical etching. 
 
Although optimised structures can be obtained by GF110, the high roughness of the 
unirradiated area and the limitation of the anisotropic etching profile (e.g. the etching 
cannot be straight, but with an angle of 54.74o to the surface) meant these structures were 
not as good as those obtained with electrochemical etching. Although it has the 
advantage that large planes can be produced in a simple and predictable way, this does 
not outweigh the drawback is that the geometries are limited by the crystallographic 
structure. When it comes to more complex structures such as gratings, chemical etching 
   10 µm    10 µm 
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cannot give good results, when compared with electrochemical etching (Figure 4.5). 
Therefore the reminder of the work focused on to isotropic electrochemical etching.  
 
4.1.2 ISOTROPIC ELECTROCHEMICAL ETCHING 
In isotropic etching, porous silicon acts as a sacrificial layer. Obviously, the etching 
depth of the silicon has an effect on the quality of the structures. On one hand if the 
etching is too deep, i.e. the etching process proceeds beyond the end of range of the 
implanted ions, the etching process becomes isotropic (starts etching in all directions) 
[7]. This “over-etching” causes the irradiated structures to become under-cut around their 
outer edges. On the other hand, if it is too shallow, the microstructures are very shallow 
or even cannot be formed. Therefore it is important to determine the main experiment 
parameters that need to be optimised to produce high quality structures, such as wafer 
type, etching conditions and irradiation dose.  
 
After preliminary experiments aimed at determining the optimum etching conditions for 
the study, most etching processes were carried out under current densities of 20 or 40 
mA/cm2. Most of the etching times ranged from 10 min to 30 min. Preliminary 
experiments also showed that the blue or red PL have no effect on the micro structures. 
The etching solutions were all prepared as a 1:1:2 ratio of HF (49%), water and ethanol 
so that only the current density and the etching time affect the microstructures. For the 
ion-beam, H+ and He2+  and O+ were studied, however, we finally focused on the study 
of He2+ and H+ because O+ damaged the slits of the instrument and the damage caused by 
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H+ and He2+  is deeper and it is optimistic to obtain structures by electrochemical 
etching.  
 
4.1.3 THE EFFECT OF WAFER TYPE UNDER PROTON AND HELIUM 
IRRADIATION RESPECTIVELY 
During this research work, mainly P (100) silicon wafers (DB100, DT100, GF100, 
SEH100) were used, although occasionally GF110 wafers were used to determine if the 
process remained isotropic.  
 
Figure 4.6 shows square structures formed in the various wafers after being irradiated by 
2 MeV Helium beam followed by etching under the same conditions. From these 
structures, it can be seen that the highly doped DB100 wafer was the most promising 
wafer for further study with Helium ion beam irradiation, which causes more damage 
than protons (see Section A3 in Appendix). 
 
However, for Proton beam irradiation, the GF100 was the more promising wafer for 
further study as illustrated in Figure 4.7.  The microstructure is not obvious for the highly 
conductive DB100; most likely because the dopant concentration is higher or at least 
equivalent to the vacancies created by the protons. According to Stopping and Range of 
Ions in Matter (SRIM) calculations [8], a dose of 5×1015 protons/cm2 at an energy of 2 
MeV will introduce a defect concentration of ~ 1019 vacancies/cm3 close to the surface, 
increasing sharply to a maximum of ~1020 vacancies/cm3 at the end of range (see 
Appendix). This is much higher than the dopant concentration of 5×1015 B/cm3 in the 
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GF100 sample used, but comparable with the 1019 B/cm3 in DB100. This confirms the 
irradiation did not alter the etching rate significantly because the dopant concentration in 
DB100 was higher than the concentration of the proton induced vacancies.  
 
   




Figure 4.6 The squares formed by 2 MeV helium irradiation followed by 
electrochemical etching. Etching current density 20 mA/cm2, time 20 min. 
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                               (a)                                                              (b) 
Figure 4.7 Microneedle structures obtained by irradiation of 2 MeV proton 
beam. Etching current density 20 mA/cm2, time 15 min. 
(a) DB100, (b) GF100. 
 
4.2 STEP-SET STRUCTURES 
The goal of this study was to find the relationship between the irradiation dose, etching 
time and the depth of etching. Through varying these parameters, the etching profiles 
could be observed and the height of the structures measured.  
 
Prior to etching any irradiated samples a control experiment was performed in which part 
of the silicon wafer was masked with epoxy to prevent its dissolution. The etch depth 
after the passage of a constant current density for a certain time was then determined 
from the height difference between the etched and unetched masked region using a 
surface profilometer.  Figure 4.8 (a) shows the etched wafer depth relative to the original 
wafer surface, as a function of etching time at current density of 40 mA/cm2. In 
 10 µm 
 
 10 µm 
m
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comparison Figure 4.8 (b) shows the height of a square irradiated with a dose of 
6×1014/cm2 (1000 nC/mm2) relative to the etched wafer surface (unirradiated areas) as a 
function of etching time, again using a current density of 40 mA/cm2. It can be seen that 
the etch rates of both the un-irradiated and irradiated areas are quite uniform as a 
function of etching time, indicating that the etch depth and structure height increases 
almost linearly with time.  However, the rate that the height of the square increased was 
only about a third of etch rate. This indicates that etching still occurs in the irradiated 
region but at a reduced rate. 
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Rate of height increase = 0.76 (µm/min)
 
(b) 
Figure 4.8 (a) Etching depth as a function of time. (b) Height of a square irradiated with 
6×1014/cm2, as a function of time. Etching current 40 mA/cm2. 
 
After determining the etching characteristics of both un-irradiated and irradiated portions 
of the wafer, a test structure was fabricated using several irradiated doses to demonstrate 
the capabilities of this process. The structure comprised a 200×200 µm2 scanned region, 
containing an irradiated cross at 1000 nC/cm2 with smaller irradiated areas with larger 
doses at the end of each cross arm (Figure 4.9). For the structures at the end of the arms 
the dose from outside to the inner square was 1000, 2000, 3000 nC/mm2. The raised 
portions of the structure correspond to the portions irradiated with higher doses than the 
surrounding large cross. The irradiated sample was etched for 20 min at 40 mA/cm2, 
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equivalent to an etch depth of about 45 µm (Figure 4.8(a)). This is beyond the 
penetration depth of protons so over-etch undercutting occurred at the edges of the 
implanted regions, which became less sharp with continued over-etching due to the 
lateral etching of the implanted areas.  
 
However, the results were not as anticipated as the heights of the structures were not 
proportional to dose concentration, that is, doubling the dose concentration did not 
produce a feature that was twice as high above the level of the un-irradiated areas. To 
confirm this observation another experiment with a simpler irradiation pattern was 
conducted (Figure 4.10a). Figure 4.10b shows the expected structure while Figure 4.11 is 
an SEM image of that obtained. This confirms that when more than one step was 
irradiated the height of each step was not proportional to the total irradiation dose; the 
first step (zero to 1000 nC/cm2) is higher than the second (1000 to 2000 nC/cm2); the 
second is higher than the third (2000 to 3000 nC/cm2), although the dose of the second 
step was always much higher than the first step and the third was much higher than the 
second. This implies that the first step influences the etching of the second and third step; 
the second step influences the etching of third step and so on. This means that it becomes 












Figure 4.9 Multilevel step-set structures: 




(a) Irradiated Pattern                          (b) Expected Structure 




 50 µm 
m
 Step 1 
 Step 2 
 Step 3 
 





Figure 4.11 Three step structures: 
step1~1000 nC/mm2, step2~2000 nC/mm2, step3~3000 nC/mm2. 
 
4.3 CANTILEVER STRUCTURES BY SINGLE ENERGY 
IRRADIATION 
It was found that when the etching went deeper than the end of range of the ion beam, 
the isotropic etching started to undercut the structure. This can be clearly seen in Figure 
4.12 where the difference between the two structures is the dose concentration; 500 
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                           (a)                                                                        (b) 
Figure 4.12 Undercutting of a multiple irradiated structures: 
(a) 500 nC/mm2 (b) 2000 nC/mm2. 
 
Because of this undercutting high aspect-ratio structures cannot easily be obtained in a 
single step. However, freestanding structures were obtained by taking advantage of this 
phenomenon; e.g. by drawing the ion beams to form an “H” pattern and a bridge. As the 
undercut went deeper and deeper, the arms of the “H” and the beam of the bridge 
eventually became separated from the substrate (Figure 4.13). For example, with a bridge 
the beam is above the sample without connection whilst the pillars are still attached to 
the substrate (Figure 4.13(a)). It is easy to see how this idea could be adapted to form a 
cantilever, which is attached at one point and freestanding at the other; as in the case of 
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                                   (a)                                                                     (b) 
Figure 4.13 Preliminary structures for (a) freestanding bridge and (b) 
cantilevers. 
 
4.4 HIGH ASPECT-RATIO BELT FORMATION 
Kleimann et al used n-type silicon to form high aspect-ratio tubes under very stringent 
conditions [9]. Macropore formation in p-type silicon is more difficult than in n-type 
silicon because there is no or at least only a very short space-charge region to control the 
diffusion of holes to the pore tips for anisotropic dissolution of silicon and passivation of 
pore walls against dissolution. It was hoped to design high aspect-ratio tubes with p-type 
silicon and the first irradiation pattern used is illustrated in Figure 4.14(a); the irradiated 










                                                                                                             Chapter 4        Silicon Micromachinary 
 77
 
           
Figure 4.14 Irradiation patterns for high aspect-ratio structures. 
(a) loop irradiation; (b) with a small opening; (c) with an opening side. 
 
The result on the basis of this concept is shown in Figure 4.15. Surprisingly a solid cube 
was formed instead of the expected high aspect-ratio tube. The inside of the loop was 
almost the same height as the loop. The looped region seemed to form a protected area 
preventing the inside from being etched away.  
 
Irradiated Area     
(a)    
(b)    (c)    
Irradiated Area     
Non- irradiated Area  
 




Figure 4.15 The structure of loop irradiation. 
 
However, if the loop was not sealed, but left with a small opening in it or if the structure 
only has three walls (Figures 4.14(b) & (c)), high aspect-ratio “Great Wall” structures 
could be formed as illustrated in Figure 4.16.  
 
   
(a)                                                                        (b) 
Figure 4.16 High aspect-ratio “Great Wall” structures. (a) with a small 
opening; (b) with an opening side.  
 
The reason why an opening is required in the loop in order for intend etching to occur is 
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4.5  MULTILAYERED STRUCTURES BY DOUBLE ENERGY 
IRRADIATION 
Based on the single energy layer designs, a double energy beam irradiation was used to 
obtain multilayer structures. As mentioned in chapter 4.1.1 and 4.3, after prolonged 
etching beyond the end of range isotropic etching starts to undercut the structure. This 
means that multilevel structures can be created by exposing the sample with two 
different proton energies.  
 
Figure 4.17 The double-energy irradiation pattern. 
 
Since the range the irradiating protons is proportional to their energy the structures 
irradiated with lower energy will begin to be undercut at a shallower etch depth, whilst 
those with higher energy irradiation continue to increase in height. In this way multi-
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have required multiple processing steps in conventional lithography techniques. To 
demonstrate this capability, a bridge structure was fabricated in which the beam was 
irradiated with 0.5 MeV protons and the two supporting pillars with 2 MeV protons 
(Figure 4.17). Etching was conducted at 40 mA/cm2. As etching went beyond the end of 
range of 0.5 MeV protons (~6 µm), undercutting of the bridge started to occur. At an 
etch depth of 14 µm, the SEM picture in Figure 4.18(a) shows that the bridge was fully 
undercut and almost separated from the substrate; but it remained supported by the two 
pillars irradiated by higher energy. The structure of a freestanding bridge was clearly 
formed after further etching to 25 µm below the original surface (Figure 4.18(b)); 
undercutting did still not occur at the pillars as the range of 2 MeV protons is 48 µm. The 
much smoother surface of the irradiated structures as compared to the unirradiated 
regions suggests that porous silicon is strongly restricted from forming in the irradiated 
regions.  
 
One thing to be noted here is that etching was carried out step by step: etching in HF for 
3 min, washing in KOH for 2 min, inspection under optical microscope, etching, 
washing, inspection and so on. This method ensured that the porous silicon layers were 
removed thoroughly and each time the new face of silicon was exposed to the etching 
solution. This may be why the square inside of the structures was also etched as shown in 









(a)                                                                        (b) 
Figure 4.18 The multiple layered structures formed by double-energy irradiation. 
(a) At etch depth of 14 µm, the bridge starts to separate from the substrate. (b) The 
bridge is completely freestanding at an etch depth of 25 µm. 
 
4.6 GRATING STRUCTURES 
Gratings consist of some walls of the same thickness separated by a definite distance and 
have wide applications in optical areas. When light is incident on gratings it will be 
diffracted; according to optical physics the thickness of the walls and the distance 
between two walls should be equal to nλ (where λ is the wavelength of the light to be 
diffracted). The distance between these walls has direct effect on the properties and 
resolution of the grating.  The efficiency of the grating is related to the height of the 
walls: the higher the walls, the more efficient the grating. The irradiation pattern for the 
grating in this study was 10 lines and is shown in Figure 4.19. Although the dimensions 





 10 µm  10 µm 
 




                                 (a)                                                                      (b) 
Figure 4.19 Grating structures obtained by 2 MeV photon beam. 
 
4.7 HIGH ASPECT-RATIO SPIKES 
Figure 4.20 shows preliminary results for high aspect-ratio spikes designation. Some of 
the spikes were broken while removing the porous silicon in KOH solution. The 
diameter of the spikes was 50-100 nm; this corresponds with the beam diameter 50 nm 
(please refer to Appendix). 
   
                           (a)                                                                     (b) 
Figure 4.20 Preliminary structures of high aspect-ratio spikes. 
 (a) general view; (b) one spike. 
5 µm  5 µm
 5 µm 1 µm 
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Figures 4.21 and 4.22 show the structures obtained by irradiating the same set of arrays 
on two samples; each spot has an accumulated dose of 5×1016 protons/cm2 and each 
sample was etched for 15 min with a current density of 40 mA/cm2. On the one hand the 
structures shown in Figure 4.21 were obtained by placing the silicon wafer in the ion 
beam at random. The pillars are 4.5 µm high with a diameter of 0.6 µm, and a periodicity 
of 2 µm. The profile of the pillar reveals vertical and smooth sidewalls with slight 
broadening at the base. A longer etching time could have been used to increase the height 
and aspect-ratio of the silicon pillars. Such a periodic array of submicron diameter pillars 
is potentially important for the fabrication of photonic crystals [10]. The periodic 
arrangement of ions on a lattice gives rise to the energy band structure in 
semiconductors. Energy bands control the motion of charge carriers through the crystal. 
Similarly, in a photonic crystal the periodic arrangement of refractive index variation 
controls how photons are able to move through the crystal. 
 
On the other hand Figure 4.22 shows the structures obtained by aligning the incident ion 
beam with the <100> crystal axis. The channelled ion beam reduces the probability of 
nuclear collisions with silicon atoms. This results in a significant reduction of the 
damage caused by the channelled ion beam close to the surface [11]. The reduced 
damage created near the surface regions results in much sharper and thinner tips, with a 
radius of curvature of about 15 nm at the tip, sloped steeply at an angle of 85°. These 
nanotips may have potential applications as tips for scanning probe microscopes or field 
emission arrays. Alternatively the multiple assemblies of uniform nanotips in Figure 4.22 
could be used for the mass transport of dots of molecules onto substrates.  
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(a) (b) 
Figure 4.21 Array of high aspect-ratio pillars obtained by single spot 
irradiations. 
(a) side view; (b) top view. 
   
                               (a)                                                                 (b) 
Figure 4.22 Sharp spikes obtained when the beam is channelled along the <100> 
crystal axis. (a) side view; (b) top view. 
One possible application for these nanotips is to fill the space between spikes with 
microspheres through deposition of SiO2 molecule clusters (Figure 4.23). If nanospheres 
could be arranged in such pattern it would be an advance in the scientific field, since the 
gap between the spheres might present a quantum effect.  
 10 µm  10 µm 
2 µm    2 µm 
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(a)                                                                    (b) 
Figure 4.23 Applications of an array of spikes as a scaffold for colloids 
arrangements. 
(a) general view; (b) part view.  
While obtaining high aspect-ratio structures, the effect of beam tilting was also studied; 
the beam was not normal to the substrate, but at an angle. The pillars obtained adopted 
the angle of the beam, which implies that the directions of the structures can be 
controlled (Figure 4.24). 
   
                                (a)                                                                    (b) 
Figure 4.24 Structures obtained by beam tilting. (a) top view; (b) side view. 
 
10 µm     2 µm 
 10 µm   2 µm 
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CHAPTER 5 CONCLUSION 
Porous silicon has attracted great interests to the fields of optoelectronics, 
microelectronics and biotechnologies due to its properties of photoluminescence and 
electroluminescence. The work for this thesis consisted mainly of two parts. In the first 
part a detailed study on the relationship between the morphology of porous silicon and 
its photoluminescence properties with respect to the components and conditions of the 
etching solution, the current density, etching time has been carried out. In particular it 
was desired to obtain a blue-shift of the photoluminescence, which is normally red in 
colour. The main conclusions from this work were: 
1. The concentration of HF (i.e. the ratio of HF2-/F- ions) has a significant effect on 
the homogeneity and morphology of porous silicon. Lower HF concentrations 
result in the formation of a passive oxide film, rather than porous silicon. 
2. The conductivity of the wafers is an important factor that affects the formation 
mechanism and photoluminescence of porous silicon. It was difficult to obtain 
photoluminescence from silicon with a high conductivity DB100 (~0.01 Ω·cm) 
wafer, possibly because these wafers tended to electropolish rather than form 
porous silicon. 
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3. Stirring the solution while etching had a detrimental effect on porous silicon 
formation, causing surface cracking. Stirring also caused aggregates of silicate 
particles to deposit on the surface as the etching time increased. These deposits 
block the pores of the porous silicon, therefore the photoluminescence was 
weakened. 
4. The etching current density also affects the photoluminescence obtained from 
porous silicon. At high current densities the Full-Width Half-Maximum (FWHM) 
of the F-band increases. This may be due to the size uniformity of the porous 
silicon nanocrystallites decreasing as the current density increases. 
5. If NaOH or NaHCO3 were added to the etching solution to decrease the acidity, 
the photoluminescence was found to blue shifted, making it easy to get repeatable 
green light. Although the lifetime of the green light was short it could be 
recovered by simply dipping the wafer back into the etching solution.  
6. Adding acid to the etching solution results in quenching of photoluminescence. 
This is because lowering the pH reduces the concentration of free F- and HF2- 
ions and electropolishing becomes more favourable.   
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7. When H2O2 was added to the etching solution, stable and strong green 
photoluminescence was obtained. However, as yet it is has not possible to 
determine whether this is due to the structure of the porous silicon formed by 
H2O2–assisted etching being more uniform than without H2O2 conditions or if the 
observed green photoluminescence arises from the production of silicon dioxide. 
SEM observations revealed that the H2O2 also altered the structure of the porous 
silicon formed.   
The second part of the work in this thesis involved investigating the use of porous silicon 
as a sacrificial layer for the microfabrication of structures. The new technique utilizes 
direct-writing by fast-proton irradiation prior to electrochemical etching for three-
dimensional microfabrication in bulk p-type silicon; the proton-induced damage 
increases the resistivity of the irradiated regions and acts as an etch-retardant for porous 
silicon formation via electrochemical etching. The technique is both maskless and 
requires less processing steps that conventional lithography. The major findings for this 
work were that combining proton beams and electrochemistry allows: 
1. Fabrication of a wide range of 3D high aspect-ratio microstructures. 
2. Feature sizes down to a few ten’s of nanometres. 
3. Production of multilevel structures by multiple dose irradiation. 
4. Tilted structures, to the best of the author’s knowledge, cannot be achieved by 
any other electrochemical etching technique. 
5. Freestanding bridges and cantilevers with multiple energy exposure require 
significantly less steps than conventional lithography techniques. 
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CHAPTER 6 FUTHER WORK 
Although the current work has achieved some progress in improving the understanding 
of porous silicon formation, the irregular disordered structure of porous silicon, which, 
no doubt, plays an important role for its non-ordinary properties, still remains 
insufficiently investigated. The disordered distribution of nanocrystallite sizes, 
interconnectivities and surface compositions hampers a real engineering understanding 
of porous silicon properties. Its enormous and active inner surface causes time and 
ambient dependent properties, aging effects and uncontrolled deterioration of 
photoluminescence performance.  In order to get a clearer picture of the formation and 
characters of porous silicon the following works is suggested:  
1. There is a need to overcome the drawbacks of the non-uniformity in both the 
porosity and thickness of the resulting layer due to the cell set up. In particular a 
more reliable method of obtaining a uniform ohmic contact to the backside of the 
silicon, possibly by sputtering aluminum, and the cell design could be changed to 
ensure a more even current density across the silicon’s surface. 
2. Further study should be carried out on H2O2 incorporated into the etching 
solution, system since SEM observations revealed that its presence altered the 
structure of the porous silicon formed. 
3. The aging of photoluminescence should also be studied, as this is an important 
requirement for the applications of practical devices. 
 
                                                                                                                               Chapter 6        Future Work 
 91
4. It is still not clear why adding NaOH or NaHCO3 favoured the green 
photoluminescence. Further work is needed, e.g. measuring the time constant of 
the decay to determine if it is related to the F-band (fast; SiO2) or S-band (slow; 
quantum confinement).  
5. The effect of etching parameters on electroluminescence should also be 
investigated as these may be different from those observed on 
photoluminescence. The top electrical contact to the porous silicon could be 
achieved via sputtering ITO, to form a light emitting diode (LED). 
Electroluminescence may help identify the source of the green 
photoluminescence observed after etching in the presence of hydrogen peroxide; 
since silicon dioxide is an insulator it should not be able to undergo 
electroluminescence. 
6. Further study could also be based on LED device fabrication by making 
composites between nanostructures of porous silicon and conductive polymers. 
This may allow p-n junctions to be formed within the LED, which should 
enhance the intensity of the emitted light. 
With regards to the micromachining work future work could include: 
1. Modelling to try to understand how the proton beam really influences the wafers 
conductivity. This may lead to an explanation as to why the centre of an enclosed 
square could not be etched (Section 4.4). 
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2. The micromachining technique could be combined with different etching 
parameters, particularly the addition of hydrogen peroxide which was observed to 
influence the structure of the porous silicon formed by electrochemical etching. 
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APPENDIX— DIRECT BEAM WRITING 
This appendix describes the irradiation of the silicon wafers using direct beam writing 
techniques in the Centre for Ion Beam Applications (CIBA). After an introduction of the 
ion beam facility, the different types of ions used during the study are analyzed 
according to their characters and applications.   
A.1. NUCLEAR MICROBEAM FACILITY 
A.1.1 GENERAL DESCRIPTION 
The nuclear microbeam facility of CIBA is shown in Figure A.1.  High energy ion beams 
can be focused down to 50 nm  with this facility [1]. 
 
Figure A.1 General layout of the microprobe. adapted from [2] “Manual of 3.5MV singletron accelerator”, 
High Voltage Engineering, A-4-35-207 Amersfoort, The Netherlands (2001). 
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Two sets of object slits are used, one for helium and oxygen ions and one for protons; 
this is to prevent the heavier ions from damaging the hydrogen slits. These slits are 
slowly altered by the beam shining on their sides so they have to be regularly changed 
and cleaned. The slits corresponding to the beam not in use are wide open to prevent any 
interference with the current irradiation.  
 
A.1.1.1 The Particle Accelerator 
The role of the particle accelerator is to create ion beams with a highly defined energy.  
The main energy used for the ions of the beam was 2 MeV in this study. The total 
voltage applied at the end of the accelerator is therefore 2 MeV. A gas is excited by an 
RF field, which generates different types of ions. These ions will be accelerated through 
the accelerator tube before the specific type of ions is isolated. The tube is a succession 
of titanium electrodes with a hole in the middle to allow the beam to shine through. 
These electrodes are separated by glass insulation rings. This enables the uniform 
acceleration of ions, which is crucial to create a large number of ions with exactly the 
same energy.  
 
A.1.1.2 Beam Line 
The purpose of this component is to roughly focus the beam before processing it further. 
The beam passes between an X and Y beam steerer after going out of the accelerator. At 
each direction, the beam line consists of two parallel plates. By applying a voltage 
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between the two plates, the beam goes to the desired direction. The beam is analyzed by 
a beam profile monitor when it shines through a detector. Thus, the operator gathers data 
on the intensity, profile and position of the beam at this stage.  
 
Before entering the analyzing magnet, the beam shines through a pair of defining slits. 
The diameter of the beam is determined by adjusting the slits by hand. The ions of the 
beam hitting the slits on either side will generate a current, which can be measured. This 
signal is fed back to the accelerator for optimization [3]. 
 
A similar component, called the Aperture, defines the maximum diameter of the beam 
and is water-cooled to remove the heat produced by the part of the beam being stopped. 
The 90o magnet creates a magnetic field and curves the beam. The extent of the curve 
depends on the magnetic field applied and the charge, mass of the ions etc. The magnetic 
field therefore allows the operator to isolate a specific kind of ion, with a high selectivity 
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Figure A.2 Curvature of the beam and sorting of ions. 
 
A.1.1.3 The Lenses 
A focusing system made of three Oxford quadrupole lenses is located before each 
chamber. The role of these lenses is similar to the one of an optical lens for a light beam. 
The particles can be focused into a line by one lens, therefore at least two lenses are 
needed to focus the beam into a point. Three lenses are used for optimum beam focusing.  
 
-RBS detecting and optimization of the focus 
Before each irradiation, the currents powering the lenses for both horizontal and vertical 
directions have to be adjusted to obtain the best possible focusing. To achieve this, the 
beam is shone on a gold grid. A Rutherford Back Scattering (RBS) detector provides a 
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picture of the irradiated grid. Optimizing the resolution of this picture will consist in 
adapting the current in the lenses to enhance the beam focus. This method is based on the 
detection of ions backscattered from the sample. When the light ions of the beam collide 
with the heavier nucleus of a sample atom, they are scattered with an energy depending 
on the nucleus mass, for a given energy and a given geometry. The ions coming out of 
the sample at a specific angle are gathered by a detector, which issues an energy 
spectrum as shown in Figure A.3. Moreover, since the backside ion has to travel back 
through the layers of atoms separating it from the surface, it loses energy according to 













Figure A.3 RBS detection principle. Adapted from [4] E. P. Tavernier, Micromachining of silicon using ion-beam 
and electrochemical etching, M. Sc. Thesis, National University of Singapore (Singapore, 2003). 
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It turns out as a shift in the detected spectrum, which can be translated as a depth, as long 
as the density of the sample is known. This makes RBS a powerful analysis technique for 
thin films, since the composition of a sample with the depth of each element first 
occurrence is obtained.  However, this aspect of the measurement was not used in our 
case, instead the strong dependency of the backscattering event probability on the target 
mass was utilized. The grid used for focusing optimization was made out of gold, and is 
therefore very heavy compared to the silicon background in which it is embedded. The 
RBS picture of the grid gave a high detection rate on the grid lines with almost no 
detection in between when the beam was focused to a single point. Actually, the picture 
was more or less blurred by the not-optimised beam. Modifications of the current in the 
lenses will affect the sharpness of this picture. It is therefore possible to visually 
determine the optimum value of currents. 
 
A.1.1.4 Micromachining Chambers 
One or several grids were used to focus depending on the chamber in which the 
irradiation is carried out. Two different chambers were involved during the project, the 
30-degree and the 10-degree, shown in Figure A.4. Their names correspond to the 
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Figure A.4 Micromachining chambers: (a) 10-degree , (b) 30-degree. 
 
The 10-degree line can focus down to 100 nm, while the 30-degree line to 1 µm. A single 
grid is usually enough to focus the beam for the 30-degree chamber, while additional 
thinner lines and smaller holes are used to optimize the 10-degree line. Due to precision 
requirements, the 10-degree chamber is only available for hydrogen irradiations. 
Irradiating with helium or oxygen ions would damage the specific slits placed between 
the switching magnet and the chamber itself. Therefore helium and oxygen irradiations 
were carried out in the 30-degree chamber.  
 
Inside the chamber, the current generated by the beam irradiating the sample is gathered 
by a sample holder which is electrically connected to the sample. This current 
corresponds to the brightness of the beam, and is used to determine how long an 
irradiation should last to obtain a given dose. Depending on the geometry of the RBS 
detector, the relationship between the current and the number of backscattered ions can 
be found.  
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A.2. METHOD OF IRRADIATION 
The beam has to be scanned on the sample to form a specific irradiation pattern. This is 
achieved by a Scan Amplifier, which allows the irradiation of simple patterns such as 
squares and rectangles. To irradiate more complex patterns, the scan amplifier is 
controlled by a software, Ionscan, which was developed at the CIBA. The software 
allows any scanning modification inside the boundaries fixed by the scan amplifier itself. 












(a)                                                  (b)                                            (c) 
Figure A.5 Irradiation of a sample. (a) without scanning; (b) with the scan amplifier;  
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A.3. CHOICES OF BEAM 
Three different ions used during the study were protons (H+), helium (He+) and oxygen 
(O+).  The major differences of these three ions, are the extent of damage they induce to 
the silicon crystal lattice, and the depth at which they stop in the sample, which is called 
the range of the beam. Since O+ damaged the slits of the instrument and O+ irradiation 
samples were only used for a few chemical (8M KOH) etching experiments in this study, 
protons (H+) and helium ion (He+) beam irradiation are analysed here in detail.  
 
Table A. 1 gives a comparison of proton and helium beam types that has been simulated 
by Stopping and Range of Ions in Matter (SRIM) calculations with SRIM2000 
simulation software [5].  
 












H+ 2.0 47.0 2.5 0.35 x10-4 
He+ 2.0 7.1 0.3 19 x10-4 
 
The results of the penetration of 2 MeV protons in silicon simulated by SRIM2000 are 
shown in Figure A.6. The end of range of these protons is 47 um in depth as shown in   
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Figure A.6 (a). Figure A.6 (b) shows the damages induced by the ions and illustrates that 
this mostly occurs at the end of range.  
 
        
(a) (b) 
 
Figure A.6 Simulation of a 2 MeV proton beam in silicon using SRIM2000. 
(a) top view of ion penetration; (b) collision events. 
 
The lateral spread, or straggling, of the ions near the end of range can reach 2.5um. This 
straggling could affect the resolution in the case of high structures where the etching 
reaches the end of range. It was therefore necessary to adapt the irradiation dose of the 
structures in order to reduce the contribution of the straggled ions.  
 
The simulation of helium ion penetration in silicon is shown in Figure A.7. Being 
heavier and bigger, helium ions produce more damages and stop earlier in the wafer than 
Target depth  60 µm 0 
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hydrogen. This difference leads to different patterns of the micromachinary structures as 
discussed in Chapter 4.   
 
            
(a) (b) 
 
Figure A.7 Simulation of a 2 MeV helium beam in silicon using SRIM2000. 
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